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As a large generation ages, the collective financial and ethical responsibility to prevent 
egregious bodily harm through fall prevention and gait assistant exoskeleton devices increases. 
Risk for falls increases with age and the severity of the fall does as well. To support this elderly 
population, motorized exoskeletons can both increase stability as well as respond faster to fall 
scenarios, but current models do not more around the existing biological framework. Giving 
participants a range of motion in key pelvic areas can closely approximate synchronous rotation 
around the femoral head, while limiting an increase in their sagittal profile. Utilizing 3D printed 
components while incorporating existing orthic methods provide short production times on 
modular designs. Although primarily mechanically based, these designs consider electronic 
requirements and are capable for supporting movement for a 200 lbs. user at a brisk walking 
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1.1 Statement of the Problem 
To see a problem coming and not act makes you implicitly responsible. For those 
fortunate enough to have the means to do so, seeing a medical need emerging creates the 
ethical requirement to act. With modern advancements in motors, gearboxes, and 3D printing, 
exoskeletons serve as a strong contender to prevent additional healthcare issues occurring 
from slip and falls in the aging population. With the emergence of the baby boomer generation 
aging out of self-care and into assistance, healthcare issues and their associated costs will begin 
to burden their lives or threaten them outright. Because of this, it is an ethical responsibility to 
solve this issue before it arrives, which all markers say it is just around the corner. This issue can 
be evaluated through two lenses: the direct risks to the aging population and the economic 
situation it will create.  
The obvious direct risk to an aging population stems from slip and falls related to 
balance loss or risky situations/behaviors. In a CDC study using data from 62 hospitals, 
examining admittance to the emergency department for bathroom related accidents, it was 
found that over a 35% of the patients were over the age of 65 with the two most common 
causes of injury being falls and overexertion [1]. Of the damages caused the highest probably 
locations of injury were the head and neck, trunk, and leg or foot. This makes traumatic brain 
injury (TBI) high on the list of possible effects from an accident, further backed by another study 
using data gathered from the National Center for Health Statistic, showing that of the 10,300 
fatal fall injuries, to happen to people 65 years of age or older, in 2000, the leading cause of 
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death was TBI, at 46% [2]. Secondly at 32% was lower extremity injuries that lead to death, the 
healthcare costs of both will be examined later. That same study reviewed the 2.6 million non-
fatal deaths in the same year and found lower extremity damage to be tied for the highest 
incidence rate for most common injury.  
Table 1.1: Parker Mobility Score [4] 
 
 
Even though the patients may have survived the initial accident, lower extremity injuries 
are not to be taken lightly for the elderly. In a study from 2005-2009, data was collected 
involving patients 60 years of age or older, hospitalized with proximal femur fractures, 
otherwise known as hip fractures. This study examined the patient’s mortality rate after surgery 
for the injury and found that 21.2% of patients died within a year after their hip surgery [3]. 
One of the more striking notes was the patients preoperative Parker Mobility Score, a scoring 
for the general mobility of the patients as seen in Table 1.1 [4], predicted a near linear increase 
in mortality rate vs their score, as seen in Figure 1.1.  
 
Figure 1.1: Mobility vs. Mortality 1 year post hip surgery 
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The same study used their data to find that having a low Parker score gave 2.79:1 odds 
of death versus having a high score. The Parker Mobility Score has been shown to be a good 
indicator of pre-fracture mobility, with a correlation of 0.73 to the common Fracture Mobility 
Score [4]. Comorbidity can exacerbate the situation with other conditions also increasing the 
likely for poor recover from falls [3] with an increase chance of falling for certain chronic 
conditions like Diabetes mellitus [5] 
 
Figure 1.2: Healthcare spending by country [7] 
 
Current estimates place 70 million Baby Boomers, in the United States alone, above the 
age of 65 by 2030 [6], while the US ranks third highest for out-of-pocket medical spending, as 
seen in Figure 1.2. This impending problem was acknowledged back in 1999, with a 
Congressional Budget Office’s projection of Total Long-Term Care Services costs, estimating at a 
2.6% annual increase, see Figure 1.3 [8]. 
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Figure 1.3: CBO’s expected long term care costs in 1999 
 
And yet that estimate was proved to be conservative as a 2020 report from the Kaiser Family 
Foundation, a non-profit focused on health-care issues, used data from the Centers for 
Medicare & Medicaid Services to estimate that 2018 spent $379 billion on Long-Term services 
[9]. That is 185% of what was predicted for 2020 and the difference between the amounts can 
visually be seen in Figure 1.4.  
 
Figure 1.4: 2018 Long term costs VS CBO’s predicted 2020 costs 
5 
Referring to the previously mentioned study, the 10,300 fatal falls in 2000 cost roughly 
$179 million, with the 2.6 million reported non-fatal falls costing an estimated $19 billion [2]. 
That’s an average of $7,300 a person for the initial injury alone, not including losses to missed 
employment or continued healthcare. By 2012 another study from the CDC placed those 
numbers even higher at $637.5 million and $31.3 billion respectively [10]. The rising cost of 
falling can be directly attributed through the frequency of the events and the growing elderly 
population. In 2014 there were 29 million falls, around 28.7% of the elderly population, creating 
7 million injuries [11]. That number will continue to rise as the large Baby Boomer population 
ages up and by 2034 the US Census predicts that the elderly will outnumber children, 77 million 
to 76.5 million, for the first time in US history [12] [13]. Combine that with the increase in 
possible comorbidity factors like diabetes mellitus, estimated to increase to roughly 29.7 million 
Americans by 2035 [14], and that the prevalence of comorbidity factors are more commonly 
seen in the elderly, and it becomes clear: something must be done. 
 
Figure 1.5: From left to right, the progression of the first exoskeleton to “Active Suit” [15] 
 
Active exoskeletons are rigid body structures that border a user’s limbs and are 
motorized for gait assistance, load management, and/or rehabilitation. The first functioning 
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active exoskeleton was a lower extremity, pneumatically powered, design from Mihalio Pupin 
Institute in Serbia, in 1969 [15]. It was developed in the years that followed, as seen in Figure 
1.5, into a semi-soft “Active Suit” that was electro-mechanically driven and controlled via a 
microcomputer. And although the idea of gait rehabilitation, and many of its components, 
remains the exoskeletons have dramatically changed in the years after. 
1.2 Existing Exoskeleton Designs Elements 
Many current models of exoskeleton involve analysis of movements via algorithms 
based on the combination of the gait of the user, the center of mass of the user, Zero Moment 
Point, Ground Reaction Force, and stability margin [16,17,18]. These algorithms can also be 
extended into Neural Networks to utilize PID in fine motor control for a more robust design [19, 
20].  All these systems however still fall under the basic constructs of rotational or prismatic 
motor control, usually with a larger emphasis of the design being not entirely dissimilar to 
robotic design, and less designed for human physiology. In order to progress the field of 
exoskeletons, robotic construction will need to yield to bio-informed designs, meant to work 
ergonomically and kinesthetically with the user.  
It should be noted before we continue, that a growing field of soft suits, which do not 
meet the traditional definition of rigid exoskeletons, have showed small progress in being more 
accessible to an average user and providing substantial results, with some designs, like the 18 
Weave seen in Figure 1.6, being akin to woven fabric [21,22,23]. These soft actuators can be 
controlled by as many potential energy sources as rigid actuators: pneumatically, electrically, or 
thermodynamically. Their geometry can also affect the final outcome as with the HASEL, crafted 
with polymer bags of dielectric oil and its contractual form dictated by the geometry of the bag 
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[24]. The focus of this paper is on rigid exoskeleton though as flexible soft suits current lack the 
durability and mobility of the everyday use and the power needs of an aging population. 
 
Figure 1.6: 18 Weave artificial Muscle [23] 
 
The primary component seen in current designs for their source of locomotion is 
traditional Direct Current electric motors, brushed or brushless. These do account for many of 
the core designs that are available, as even many of the linear actuators are just rotational 
motors with the motion converted to prismatic via a threaded rod, with the speed and accuracy 
those being traded off between the thread pitch. Newer electromagnetic actuator designs have 
showcased extreme speed, accuracy, and reliability, admittedly at a larger power requirement. 
But, with the exoskeleton designed to increase mobility, an onboard battery supply is required 
and even with highly energy dense storage, larger power demands could limit the assistive 
power of the exoskeleton from the weight of the additional batteries. Pneumatic, air powered, 
designs have shown to be rather popular lately with flexible robotic design and some 
exoskeletons, but still the mobility and independence of the exoskeleton would be hindered by 
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the need for a compressed air source [25]. Other designs using shape memory or shape 
morphing materials which are photonically or thermodynamically controlled materials for 
synthetic muscles and have had amazing in lab results [26] But their delayed response time and 
need for a heat sink makes exoskeletal use unreasonable at this point.  
With that in mind let’s consider the ways many electrically motorized devices are 
utilized. The simplest use is with a direct drive hook up of the motor to induce motion around 
the axis of rotation. Due to the torque requirements and inevitable size restrictions, the large 
motors capable of doing this are ill advised for exoskeletal use. Instead, it’s usually 
accomplished via an additional gearhead, or gear train, in a style referred to as gear reduction. 
This is because the more compact motors that are available, and thus more advantageous for 
mobility, have too low of a value of applicable torque without the gearhead; but they do have 
larger angular velocities. As the angular velocities ratio of the gears are inversely related to 
their radius while the force applied to the end of that radius remains constant, there is a 








𝜏𝜏 = 𝐹𝐹 × 𝑟𝑟 
Instead of using two disproportional involute spur gears, which would occupy too high 
of a volume, we can use more complex arrangements. Firstly, there is epicyclic or compound 
planetary gearheads, but due to their additional size and use of nested involute gears, they also 
do not make for a good choice when considering the form factor of the exoskeleton. The 
compound gets its name from several stacked planetary gearsets to amplify the reduction ratio, 
as opposed to traditionally arrange drive trains [27]. It uses a series of gears, arranged similar to 
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a basic sun and orbiting planets model, to dramatically increase the torque on the output, at 
the expense of the rotational velocity.  The two more common methods are the cycloidal drive 
and the harmonic drive. The cycloidal drive utilizes an internal gear with and off-center input 
drive shaft and a series of bearing clad rollers inside the gear, to transition the torque to an 
output shaft [28]. With nearly zero backlash, the design can be promising but the additional 
rollers, as seen in Figure 1.7, can provide a good deal of vibration if not balanced properly or 
with the use of an additional stabilizing disc. 
 
Figure 1.7: Cycloidal drive breakdown [29] 
  
Harmonic Drives, also known as strain wave, use an elliptical input drive shift called a 
Wave Generator into a flexible spline, designed with a mismatched number of teeth from the 
external gear, as seen in Figure 1.8. The mismatched number of teeth combined with being 
forced in an elliptical shape causes the Flexspline to interact with the external gear, the Circular 
Spline, with different arrangements options for input and output, as seen in Figure 1.9. Using 
arrangement 2, the ratio can be calculated by the formula provided or by the ratio of teeth in 










Figure 1.8: Strain wave gearset [30] 
 
 
Figure 1.9: Strain wave gearset arrangement [30] 
 
The primary disadvantage to this model is that the additional forces cause an eventual 
axial force and it requires more support to maintain integrity. Basic models can have issues with 
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back driving, or the ability to move in the opposite direction by an external force, but modern 
units have solved that with the design of the teeth on the flexible spline, as seen in Figure 1.10, 
allowing smoother rotation with 30% of the teeth engaging at once, spreading out the force 
load [30]. 
 
Figure 1.10: Modified tooth profile [30] 
 
Although prismatic actuators can apply direct forces, they are usually used in 
exoskeletons as powering crankshafts to induce rotational motion, and thus has limited 
applicability due to size constraints. For some of the other styles of electrical motivation, there 
are Tendon-Driven devices with pulleys and cables to pull artificial limbs at points of mechanical 
advantage to mimic natural human muscle attachment locations. These cables can vary from 
Bowden cables to fishing filament and are still usually controlled via a rotational motor pulling 
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the line at a source away from the area of intended applied force but can be used with 
opposing motors to form an antagonistic system, with superior control and stiffness.  
 
Figure 1.11: Three motor tendon driven hookup for gait mimicking movement [31] 
 
By far the best for form factor, this technology has large possibilities in upper-body 
exoskeleton design but the limitation of applicable force, due to the yield strength of the 
cables, limits its use in lower-limb exoskeletons and gait assistance. Lastly there are passive 
controls, typically utilizing an elastic material or spring to collect the energy of the user’s 
natural gait and return it on the opposite rotation. This could be seen as reducing the hysteresis 
of the muscle, by collecting the additional energy of the walking gait into the spring. 
Occasionally the springs are used as an assistive function, in series with a linear actuator, called 
a “robotic tendon” [32], as seen in Figure 1.12, not to be confused with the tendon driven 
styles. And to add further confusion to the matter, the tendon driven style can also we used in 
combination with a spring to enhance the stiffness of the line [33]. 
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Figure 1.12: Jack Spring™ robotic tendon 
 
1.3 Existing Exoskeletons 
Though many of the exoskeletons that exist use one or more of the design elements 
mentioned above, not all are for the entire lower portion of the user’s body. Some models 
focus more on the hips [34, 35, 36] while others focus on the knee [37, 38, 39]. Both of these 
styles fail to focus on the effects of properly offloading the load from the user and continues to 
allow stress flow through the body, only mechanizing external muscles and not providing a 
proper exoskeleton. And still others with a focus on the planter flexion at the ankle [40, 41, 42], 
yet these units have been found to be surprising effectively for their limited scope with the 
increase in reaction speed shown in assistance of climbing stair being able to recovering from 
gait perturbations. The real downside comes from the intended user, an aging population, 
typically requiring additional support in the hip and knee regions and that sort of balance 
control doesn’t solely reside in the ankle.  
1.4 Addressing Limitations, Working Hypothesis 
The mechanical issue with many of the exoskeletons discussed stems from a lack of 
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design around the participant and thus the oversimplification of the joint mechanisms of 
human anatomy. Hip joint designs often have only one degree of freedom, rotating the thigh 
around an axis like a secured crankshaft, attempting to pantomime the movements of the 
spherical femoral head, but solely in the sagittal plane. Of course, the femoral head doesn’t 
only produce motion in the sagittal plane and thus these designs cost the user their typical 
range of motion in the missing axes, substantially altering their gait. Even when this is not the 
case, and multiple axes are considered, this usually comes at the cost of an offset in the axes 
intersection such as the use of yokes in a u-joint, allowing free motion with the motor below. 
This creates ellipsoidal rotation and causes the machine to move to and from the user, causing 
fatigue spots or awkward locomotion-esque movements of their legs, residing solely parallel to 
the sagittal plane.  
The knee suffers a similar issue, commonly replaced with a purely rotational motor, and 
failing to emulate the movement of the sliding and rotating nature of the knee joint itself. This 
is particularly strange when considering that non-mechanized knee supports, specifically the 
knee-off loader design, have used a linkage design, similar to a double-rocker, to mimic the 
movement, more closely for decades. Although not all rehabilitation knee orthotics use this 
setup. With the planter flexion exoskeletal designs though, Ankle Foot Orthotics for drop foot 
do seem to bear a striking resemblance. And most all do not even consider the movement of 
the pelvis during a stride. 
The hypothesis of this project is that properly mimicking joint motion through a newly 
designed spherical hip joint and orthotic design will produce a substantially more comfortable 
exoskeleton that will not interrupt common gait patterns. This device will thus reduce injury to 
15 
the user while preventing falls through an amplified intuitive balance control and be suitable for 





2.1 Biomechanics and Gait Analysis 
Gait analysis reviews the walking patterns of individuals and can be used diagnostically 
to help form treatments and orthotic devices. But in recent years, it has also been used as a 
tool for prosthetic development to suitably mirror the expected stride length and velocity of 
the user. This data is traditionally obtained via EMG measurements, force plate systems, or 
processed visual recordings and can be used to produce insight on skeletal and soft tissue 
dynamics. With walking in healthy users, the gait follows a generally accepted 8 stage pattern, 
seen in Figure 2.1 and 2.2, following the right leg as it follows heel-strike, support, toe-off or 
pre-swing, swing, and heel strike again.  
 
Figure 2.1: 8 Stages of stride [43] 
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Gait information can be used to derive angles joint, seen graphically above and usually 
in the sagittal plane, that suggest the ability of user to maintain a proper safe balance. The 
stride frequency of a person is likened to a forced harmonic oscillation, creating a preferred 
walking speed in a regularly ambulatory person [44]. During these movements our Center of 
Mass is moving as well and we adjust our supporting step to meet the intended location of our 
CoM. Thus, stability with walking is about having the walking speed to consistently catch 
yourself as you move.  
 
Figure 2.2: Graphical gait cycle [45] 
 
Even when it comes to just learning how to walk, with children 4-36 months old, the 
relationship between stability and mobility is clear; stability needs to come first [46]. This may 
be exacerbated by the continually growing limb lengths for the youth, but an elderly patients’ 
limbs do not dramatically alter in length, except for the loss of cartilage or through chronic 
diseases like osteoporosis. Even if they did, walking speeds are not solely influenced by stride 
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length [47], and thus neither is balance. Instead, cadence has a 0.95 correlation coefficient with 
walking velocity and cadence could be increased by shortening the swing phase. 
2.2 Effects of Aging on Balance 
Stride length is not solely related to the length of lower limbs, but also the maximum 
comfortable extension of the joint to reach a full extension. As we age our gait can change due 
to muscle weakness, bone injury, arthritis, and a loss of soft tissue like cartilage. As noted in 
previous papers from this lab [38], this can lead to stiffness and reduced angle momentum, 
creating a much slower cadence.  
With the risk of falling being high on the list of concerns for an elderly population, the 
mental-emotional burden of such a risk can also effect their stability. When placed in situations 
where a greater concern of falling could occur [48], Older Adults consistently reduced their joint 
angular displacement and velocity compared to Younger Adults, as seen in Figure 2.3. 
 
Figure 2.3: Angular displacement and velocity during at-risk walking [48] 
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Yet this action consequently reduces their stride length, increasing their energy cost, 
and increases their likelihood of fall through decreased response and fatigue. The fatigue may 
be even more important than cadence as perfect walking scenarios aren’t found in real life and 
unintended perturbations can occur leading to serious injury, meaning quickly reacting to such 
perturbations is paramount. This can be seen through a mathematical model [49] showing the 
relationship between walking speed of a tilt/slip angle and related it to plausible successful 
recovery, based on response time.  
 
Figure 2.4: Mathematic model between walking speed and slip recovery time [49] 
 
2.3 Existing Clinical Treatments 
Existing treatments typically involve increasing the base of support for the user via cane 
or crutch. If the goal of ambulatory walking is to consistently meet the CoM by the supporting 
leg, then the goal of standing is to share load between two legs, within the area in between 
known as the base of support. Adding a cane to walking provides an extra leg and thus 
additional support, whether the user is standing or walking, that increasing the base of support. 
Smarter canes do exist [50] but the primary goal is usually data collection and not advancing 
the support or gait rehabilitation.  In more serious situations a multipoint cane, a walker, or 
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wheelchair may be used, but all generally increase stability at the cost of mobility.   
 
Figure 2.5: Base of support with cane [50] 
 
Valgus knee braces usually involve the use of a double revolute off loader to simulate 
the off-center rotation of the knee and move compressive forces around the knee, thus 
offloading it, reducing pain and increasing range of motion during walking. Another benefit of 
the device cannot be seen in the usual sagittal plane, but from the frontal plane of the user, as 
it reduces knee adduction movement [51], which prevents additional pain and possible injury 
[38]. 
 
Figure 2.6: Knee off load device [51] 
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Ankle-foot orthotics (AFOs) are commonly used with stroke survivors suffering from 
drop foot, a reduction in dorsal flexion control of the foot. Traditionally passive, AFOs maintain 
the neutral mid-stance gait position for the ankle while allowing restricted movement through 
compliance bending. Although assistive in preventing their own foot from becoming a trip 
hazard, without additional electrical stimulation such as WalkAide, [52] these devices offer no 
therapeutic or rehabilitation benefit towards self-ambulation. 
2.4 Existing Simulations for Natural Gait 
Gait data is fairly commonly available for different concerns such as evaluating 
exoskeletons [45], reviewing the mechanical power at different stride lengths [53], or full 
simulations in OpenSim simulation software [54], but the data remains fairly similar between 
them for ambulatory participants. As we can see in Figure2.7, the regarding the ankle, it usually 
increases +15 degrees 45% of the way through and dips -10 degrees 65% of the way through 
the stride. This isn’t surprising as able-bodied participants in these trials will typically have 
similar limb ratios and thus similar gaits. 
 




MECHANICAL DESIGN  
3.1 Design Introduction 
One of the fundamental problems of exoskeletal design is building a strong, generally 
stiff, design around a soft flexible biological user. The device functioning around the user has 
several concerns including ease of use, mobility, repetitive stress injuries, functionality in 
standard environments, and more. This project sought to meet those needs through an attempt 
at a bio-inspired design and clever engineering to produce a functionally spherical joint at the 
hip of the exoskeleton and additional adaptations from traditional exoskeleton designs to 
accommodate standard gait movements by roughly approximating synchronous rotation 
around the femoral head. The knees design was modeled after off loader devices to allow for 
the natural off-center rotation without risk or damage to the user and the ankle was 
overpowered, flexible, and designed after AFOs to allow push off forces during supination and 
pronation.  
The design and creation of this exoskeleton, the Mechanically Actuated Rehabilitation 
Kinematicon 1 (MARK1), was primarily a mechanical endeavor, with the mechanical drawings 
being located in Appendix A, but also required electrical and software considerations, which are 
to be further developed in the future. The longer components of the design will be made from a 
3D polymer composite from the MakerForge Onyx filament line, a polymer with carbon fiber, to 
give an advantageous strength to stiffness ratio, while the smaller components will be SLS 3D 
printed with Titanium alloy TI-6Al-4V for its strength to weight ratio. Material datasheets can be 
located in Appendix C.  
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One the upsides of working with titanium is the creation of smaller pieces that can 
handle a great deal of force. Due to the size restrictions of the SLS Aconity MIDI printer though, 
the build volume of any of the titanium pieces must be under 6”x6”x6”, as opposed to the 
MakerForge Mark Two’s 12.5”x 5.125” x 6”.  
3.2 Belt and Pelvic Tilt 
The MARK1 features a few soft components to avoid resting sores, repetitive injuries, 
and fall hazard injuries. The user would strap into a soft belt feature which integrates into the 
MARK1 through a spade shaped connection seen in Figure 3.1, towards the base of the spine, in 
the lumbar region. This connector will be made through with the Onyx composite to provide 
stiffness but to break before damage can be done to the spine in the case of a posterior fall.  
 
Figure 3.1: Back spade and rocker 
 
The spade is designed to accommodate 6 degrees of pelvic hike, a commonly missed degree of 
freedom the user will need for their gait. The belt will immediately attach as a back brace, 
similar to the function of weight lifting belts seen in Figure 3.2, reducing the likelihood of risky 
behavior in the user and giving a sturdy comforting feel [55]. The belt functions as a tether from 
the user’s pelvis to the MARK1, as well as a safety rip-stitch to remove kinetic energy in the 
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case of the fall. The tether points will be double lapped and stitched, with the intent of being 
ripped apart in case of a fall, reducing the kinetic energy and speed of the fall, protecting the 
user similar to deceleration devices on heavy duty equipment. There will also be 4 more belts 
on the legs, 2 each, but those will be mentioned shortly. 
 
Figure 3.2: Weight lifting Safety belt 
 
The material of the belt is two layered, with the inner portion remaining soft, with 
cushioned materials like cotton, wool, or polymer foam, to mold to different body shapes. The 
outside will be made of Nylon strap webbing, for low moisture adsorption and durability, 
including the locking friction belt lock to be secured around the waist and the tethers.  
 
Figure 3.3: Tether points on hip cage 
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The tether points will connect to the MARK1’s rigid form in four locations, not including 
the spade, and those connections rotate in alignment to account for translational movement in 
all directions. This uniformly spaced tethering will suspend the user inside the main hip portion 
of the device. Although this portion is rigid, it allowed 2 degrees of freedom, per hip, to assist 
the walking gait of the user. The first is the previously mentioned spade with a rocking cam that 
allows for 6 degrees of rotation to accommodate the users pelvic lift during traditional walking 
patterns. The second is that the cam attaches to the surrounding hip cage through a slotted 
connection to allow for lateral movement, visible in Figure 3.1. The function of this design 
works in tandem with the spherical hip joints, allowing for near synchronous rotation to the hip 
joint and keeps the MARK1 as close to the body as possible during use.  
The hip cage turns to the anterior of the user and serves as the main connection point of 
the spherical hip joint. The cage is made in two parts for easy modification for differing sized 
users and is the intended location for the motor drivers and micro controller. The final 
connection towards the hip joint is made through both radial and thrust bearings, since the 
rotating design will require support a 85° tilt forward.         
3.3 Spherically Supported Hip Joint 
With the hip joint being one of the most important locations for a user’s locomotion, 
special care was taken to design a hip joint that would act like a human hip. Although 
biomimicry works well with prosthetics, this device needs to function outside and around the 
body. The usage of the aforementioned slotted connection and rocker for pelvic tilt added the 
much-needed additional degrees of freedom to have a spherical joint rotate around another 
spherical joint.  
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Table 3.1: Hip Angular Displacement 
Angle Max displacement 
Flexion/Extension 85/25 
Adduction/Abduction 30/30 
Internal/External rotation 30/30 
 
 
Figure 3.4: Gyroscopic Hip Joint 
 
 
Figure 3.5: Gyroscopic Gimbal model [57] 
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A spherical design, was formed based on the rudimentary concept of aligning all three 
angles of rotation to intersect at one point. A 3 axis gyroscope gimbal set, Figure 3.5, could 
accomplish this with the two outer gimbals being quartered for sizing. 
 
Figure 3.6: Antagonist spring alignment 
 
The design of the supported hip joint starts with a free gyroscope design, but for two of 
the rotation angles to be passively supported, a dual spring setup was utilized, as seen in Figure 
3.6. Each spring, 72060 of Century Spring Corp, allows the hip to reach the full range to its 
mechanical stop of 30°, while applying 35 lbf working force and 54 lbf at maximum deflection. 
The springs are antagonistically arranged to bring the joints back to neutral, so the users can 
access alternative stances while in the MARK1, but it will always passively return them to the 
safer neutral stance. This means the design will allow for a wide range of gaits without injury or 
inconvenience to the user. 
Due the size restrictions of the Aconity SLS Printer, part of the hip joint that would have 
been best printed in one piece was required to be printed in two. To overcome this issue, the 
connection point was designed in a manner inspired by wooden joinery, restricting all rotation 
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and restricting all translational movement except for laterally, which is secured by a locking 
screw and won’t see many forces in its releasable direction due to the rotating design of the 
hip. Figure 3.7 shows a transparent view of the connection. Below this joinery is a tiered disk 
design to hold the motor, the gearset, and several bearings. The motor and gearset will be gone 
into in greater detail in the next Chapter, but it’s worth noting that this component is about 
isolating rotational and unintentional translation motion from the motor and gearset. 
 
Figure 3.7: Hip Joinery 
 
To accommodate compressive forces through the leg and up into the hip joint of the 
MARK1, the supports needed to be in line with the forces to avoid the creation of a moment. 
Any extension from the hip cage would create an unwanted mechanical advantage. However, 
the leg needed to be able to rotate during loading, so a rotational bearing was needed for the 
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forces to travel through, as seen in Figure 3.8. The compressive force is picked up at the bottom 
of the bearing and transferred to the inner radius were the hip manifold is able to transfer it to 
the aforementioned joinery connection. To minimize any risk of bending around the manifold, 
an additional cap was placed on the further lateral side of the device, around the motor, also 
seen in Figure 3.8. This cap required a thrust bearing to again isolate the rotational motion of 
the leg while keeping a tight connection.  
 
Figure 3.8: Hip manifold 
 
3.4 Ergonomics and Modularity 
The thigh portion of the leg receives the rotational motion from the internal gearset, 
inducing intended movement down to the octagonally designed leg extension pieces. To utilize 
the strength of the Onyx material while keeping weight down, a sleek hollow design was used 
for the shape of the leg extensions [58] which can increase or decrease their length in 1” 
segments similar to many medical equipment, while being secured through clevis and cotter 
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pins. The sleek octagon design allows for a thin profile while reducing the chances of bending, 
thanks to the laws of second moment of inertia. An ellipse shape would have worked as well, 
but FDM 3D Printers have usually an issue with polar coordinates so a similar polygon was 
designed. If we considered the octagon shape to be similar to an ellipse, the ratio between the 

















This means that the second moment of Inertia in the longer direction gets the squared value or 
ratio of the length of the ellipse versus its width, providing less risk of bending during the first 
two stages of gait, the heel touch and loading.  
 
Figure 3.9: Octagonal cross section 
 
With 3D manufacturing and hospital-side design becoming a realistic idea [59] it was a 
priority to make sure that the design could be modified easily for different sizes of users. With 
this in mind, only a handful or pre-designed parts would be needed and could be pre-printed in 
a commercial setting to allow for users of most sizes. 
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3.5 Leg connections and Double Offload Knee 
As mentioned, in additional to the nylon webbing in the belt, there is webbing in two 
spots down the leg. One at the middle of the thigh and one at the middle of the calf. These 
straps are attached, by cinching to the user but due to the webbing’s flexibility, the leg can 
rotate around the straps tether location; more on this in a bit. These locations allow the 
exoskeleton to affect the user and serve as the location of force input on the user. 
 
Figure 3.10: Motivators 
 
Towards the bottom of both the thigh and calf portions of the design, a horse shoe 
shaped device, that will hence forth be known as the motivator, attaches to the legs through a 
simple slide in locking mechanism, seen in Figure 3.10. Towards the base of the mechanism lies 
two semi-spherical shapes that are nestled inside of the leg, with room on either side. The 
motivators are able to rock back or forth causing to the domes to collide with the inside of the 
wall, where piezoelectrical force sensors will be. These sensors will be covered more in Chapter 
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4, but as it motivates the motors to move away, there shouldn’t be any prolonged contact or 
bending on the motivators. Nor should there be much force applied by the user as the force will 
be only slight considering the same limb is able to rotate around the tether point from the web 
straps, allowing for a small amount of motion. This means it required the user have a small 
amount of motion inside the MARK1, in the sagittal plane, to allow the device to operate. This 
will not affect the frontal plane profile however and keeps the exoskeleton as near the user as 
possible. 
Initially designed similarly to off-loader knee braces, this double wall titanium, ended up 
being a nexus for the forces traveling through the legs and required several redesigns before 
coming to this final one. It includes two needle bearings with the interior occupied by a ½-13 
Grade 8 safety bolt [59]. The medial side of the off-loader will feature a force dampening 
material, sorbothane to reduce the likelihood of injury in case of a fail scenario.  
 
Figure 3.11: Linear actuator connection points 
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Lastly the linear motor connection points, seen in Figure 3.11, were designed based on 
the recommended measurements from the manufacturer, but their placement came from 
design choices discussed in Chapter 4. The extension rod at the end of the actuator serves to 
provide the full extension of the leg, but in so doing restricts the angle of the knee from 
reaching 90°, with a range of 0-75°. The design choice was made to meet the requirements of 
walking over the requirements of sitting. In case of power failure, this extension connection can 
be removed and the user can walk under their own power. 
3.6 Plantar Flexion Assistance 
The ankle joint was modeled after the more complex hip joint, and thus shares many 
features, but the gyroscope design wasn’t practical or overly beneficial for the limited 
supination/pronation abilities of most user’s gait. The ankle manifold attaches through a mass 
minimized extrusion, and secured through a locking bolt, seen in Figure 3.12.  
 
Figure 3.12: Ankle locking mechanism 
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The extrusion fits snuggly in the bottom leg portion of the design to reduce bending due to 
excessive tolerance, and, like the joinery piece of the hip manifold, removes all rotation and 
only one degree of freedom through translation. In order to recreate the cap from the hip, the 
ankle joint’s cap was printed in titanium, seen in Figure 3.13, due to its proximity to the ground 
and high chance of impact.  
 
Figure 3.13: Ankle Joint 
 
Instead of the gearset moving a leg of the MARK1, with the ankle it rotates a disk 
attached to a titanium shoe insert, inspired by ankle-foot orthotics. This insert connects to the 
disk through one of three screw points, seen in Figure 3.14, again adding to the modularity of 
the device.   
 
Figure 3.14: Flexible ankle attachment 
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3.7 Battery Containment  
The battery pack needed to be large to hold the required power supply to keep the 
MARK1 mobile, but also not affect the movement of the device or the safety of the user. The 
design choices of the batteries themselves will be explained in Chapter 4 but the container 
would be printed from the same Onyx material as the legs themselves. The packs attach 
utilizing the same bolt for the ankle locking mechanism to the lower calf, allowing them to be 
removed for maintenance. The choice was made to keep the batteries lower on the user to 
keep the combined CoM of MARK1 user closer to the ground, and thus more stable. 
Additionally, if a fail scenario were to occur, the batteries would have less potential for being 
damage due to their short distance to the ground. Due to power requirements, the 
containment currently has a larger than optimum form factor, as seen in Figure 3.15. 
 




MOTOR AND ELECTRICAL CONSIDERATIONS 
4.1 Motor sizing 
Priority for motor selection was based on size requirements and the power of the 
motor. Form factor remained an issue to keep the MARK1’s profile from becoming too wide, 
while maintaining the power to overcome the weight of the device and assistance in normal 
gait procession. For mobility DC motors were required and for noise and power consumption it 
was decided that it should be brushless. Maxon Group motors are commonly used for 
exoskeleton designs for their thin profile and they had a large selection of motors that fit the 
demands, all with varied torque and RPM ratings. To differentiate between them, their power 
was calculated and a rotational motors power can be calculated [27] through this formula: 
𝐻𝐻 = 𝑇𝑇𝜔𝜔 
where H is the power in watts, T is the torque, and 𝜔𝜔 is the angular velocity. From their 
selection, a 1.01 Nm motor the EC90 Flat was the most powerful and even though the torque 
doesn’t seem that strong, we’ll resolve that in the next section through gear reduction ratio. 
The motor for the hip and ankle was designed to be the same to provide more power to the 
ankle as a powered planter flexion alone has shown to have the ability to prevent falls [60].  
No rotational motors were used for the MARK1’s knee joints, since the human knee 
does not functional like a normal revolute joint, but closer to an off-center cam. To avoid a 
larger sagittal profile than necessary, the bio-informed choice was to use a linear actuator with 
a double revolute off-loader. But the linear actuator was a much harder motor to size for as 
most are rotational motors attached to a screw rod, and thus take up a great deal of space and 
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lack accuracy and speed. In this case, deciding against the more powerful and faster 
electromagnetic linear actuators because of their excessive electrical requirements, was the 
best call. A small 33 lbf linear actuator was chosen, PA-14-6-35 and with that, calculations could 
begin. Keeping in mind section 2.4, where it was shown that studies have similar maximums 
and minimums for gate, a basic range was developed for joint variability during walking, 
organized in this table 
Table 4.1: Expected maximum joint displacement 





This information allows us to predict the top walking speed of the device based on the 
geometry of the user and the placement of the linear actuator connection on the calf leg of the 
MARK1. Designing a mathematical model, as seen in Appendix B, with the estimation of two 
feet between the femoral head the knee and between the knee and ankle, as well as the 
estimated distance between the ankle and the anterior of the metatarsal of the foot of ten 
inches, the time to complete a full range of the motion was projected.  
Table 4.2: Joint Period 





With the knee understandably being the slowest joint, completing its maximum 
predicted walking gait range in 0.69 seconds, the speeds were still acceptable as initially testing 
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with ambulatory subjects showed a similar pacing for accelerated walking speeds. Additional 
calculations were performed to find the effective squat and kick forces for the device, not 
including the powered ankle. The full calculation sheet can be seen in Appendix B. 
Table 4.3: Additional calculations 
Torque Kick (Nm) Torque Squat (Nm) 
7.456263334 89.47516001 
Torque Kick (ft-lbf) Torque Squat (ft-lbf) 
5.5 66 
 
4.2 Strain wave Gearset 
Due to size constraints in keeping the frontal plane profile of the user as small as 
possible, strain wave gearsets were chosen over planetary or cycloidal. SHD-20-120-2SH, was 
chosen from Harmonic Gear for its 1:120 gear reduction ratio. This means the Maxon motor will 
operate at 121.2 Nm by reducing its output RPM to about 15, after using the gear set. That RPM 
converts to roughly 4 sec/rev which is still more than enough as shown from the calculations in 
Table 4.2 above. 
 
Figure 4.1: Axial forces on the strain wave gearset 
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The one caveat with the strain wave gearsets is the inadvertent creation of small axial 
forces, as seen in Figure 4.1. For this series of gearset, the formula is: 
𝐹𝐹 = 2 ∙
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑆𝑆𝑖𝑖𝑧𝑧𝑆𝑆 ∙ 0.00254
∙ 0.07 ∙ tan 30° 
𝐹𝐹 = 2 ∙
121.2
20 ∙ 0.00254
∙ 0.07 ∙ tan 30° = 192.8 N 
This is the maximum axial load during maximum torque, but even under smaller loads 
there will be forces, so the inner portion known as the Wave Generator needs to be supported 
axially at all times. For this reason, as well as the assembly of the device, the motor output shaft 
has an additional larger diameter drive shaft it imparts the torque into first, before going to the 
gearset. This drive shaft is screwed via screws to the Wave Generator on the opposite side. 
Between the driveshaft and the hip manifold, thrust washers will secure the axial location of 
Wave Generator, and between the drive shaft and top of the thigh wall, another thrust washer 
will secure it in the opposite direction. Recall that the thigh portion of the MARK1 is secured to 
the back of the hip manifold through a cap on the lateral side, meaning no axial forces are being 
placed on the Circular Spine, or output, of the gearset.   
 
Figure 4.2: Thrust bearing locations, for axial support, around drive shaft 
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It’s worth noting that for assembly concerns, that the drive shaft is affixed to the motor 
output shaft via a 10-32 set screw, and that the drive shaft is in two pieces, which transfers 
torque via a cross pattern. 
4.3 4.3 Battery Design 
With the large power requirements for this project, four 18V rotational motors, two 12V 
linear actuators, and a host of sensors and microcontrollers, a superior power supply was 
paramount. Nickel-Cadmium, or Ni-CD, has been a well utilized battery material for years, but 
recently Lithium Ion, Li-ion, batteries have been securing top spot for their high energy density. 
It has over twice the energy density, and half the weight as Ni-CD batteries [61].  
 
Figure 4.3: Battery options by Energy Density [61] 
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Going with a trusted manufacturer, the 18650 Samsung 2500 mAH battery cells have a 
high retention capacity, meaning the battery with provide energy for a prolonged period of 
time, even after several hundred cycles [62]. 
 
Figure 4.4: Battery capacity after 250 cycles [62] 
 
But at a nominal voltage of 3.6V, we are going to need multiple cells tied together to 
make them work, which is commonly how these cells are used. Connecting in series will provide 
a larger Voltage, and connecting in parallel will provide a larger available current. 
Table 4.4: Load energy requirements 
Load Nominal Voltage Nominal Amp # of Loads Multiplied Amp 
Rotational Motor 18 V 12.1 A 4 48.4 A 
Linear actuator 12 V 5 A 2 10 A 
Rotational Encoder 5 V 15 mA 4 60 mA 
Linear Encoder 5 V 50 mA 2 100 mA 
Microcontroller  3.3 V 100 mA 2 200 mA 
 
With a maximum voltage of 18V and a total of 58.76 A possibly needed at once, this 
setup requires two 6s12p battery stacks, meaning 6 cells in series and 12 of those series in 
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parallel. One battery stack on each leg but the two are also attached in parallel, giving the fully 
hooked up power supply has. 
Table 4.5: Battery pack specs 
Total Nominal Voltage Total Amp-Hour 
21.6 V 60 
 
This would give a user roughly 1 hour of heavy use in the MARK1, before needing a 
recharge. The batteries are connected through spot welding nickel strips to their ends, usually 
while the cells are held in a convenient form factor pattern, as seen in Figure 4.5.  
 
Figure 4.5: Cell storage in container 
 
Battery management system, BMS, needs to be considered with Li-ion has going above 
the maximum, or below the minimum, charge has negative effects on the cell’s life. In this case 
a protection circuit module (PCM) will be able to handle the cell configuration and current 
requirements, such as the DALY 6s 24V 60A BMS. A PCM BMS automatically allocates charge to 
the series branches as needed so no one cell become charged more or less than another. Only 
series set branches are monitored as the voltage will automatically equalize in the parallel 
branches [63]. The system can equally make sure each series branch doesn’t discharge below a 
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recommended amount, in the case of the DALY 2.7V, thus maintaining the cell’s health. There 
are other features that make BMS beneficial, as seen in Figure 4.6, but this in the primary 
consideration for adding it to the system. 
 
Figure 4.6: BMS services [63] 
 
 
Figure 4.7: Reverse battery protection [64] 
 
These precautions come from the fact that there can be differences from one cell to the 
next, and through multiple cycles of charging and discharging, unmanaged cells might have 
entirely different voltages from one another from due to variances in their chemical 
composition. Since the two packs will be connected in parallel as well, an additional component 
needs to be included above the BMS, and to protect unintentional losses from the two systems 
possibly being out of synch. This also means the system will not rely on both battery packs 
being there, and if one is removed the MARK1 will function as intended, albeit with half as 
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much expected amp-hours. Although a sole semi-conductor Schottky diode is typically used in 
this manner, the voltage and current requirements rule out most available models, and instead 
a reverse battery protection circuit via a p-channel MOSFETs can function in this method with 
higher than 98.9% efficiency [64].  
And although the battery packs provide a voltage that is higher than required, as the 
batteries discharge their nominal voltage decreases from 3.6 V to 2.7 V, meaning a Buck-Boost 
module, such as the DC1757A which uses an LTC3789 voltage regulator to maintain 12 A 18 V, 
will keep the voltage a consistent 18 V with minimal losses. Whereas the smaller power loads 
can use more common Buck modules or voltage regulators, like the LM317, to lower their 
voltage to an acceptable level. These devices work under the basic idea of total power, watts, 
and essentially trading amperage for voltage, but the conversion process will always have a 
little efficiency loss and each of these will release that loss in the form of heat. Most of the buck 
converters have heat fins installed, and the DC1757A will be 97% efficient [65], but some 
smaller unit like the LM317 wouldn’t be as efficient as are only advantageous in situations with 
smaller energy requirements.  
4.4 Sensor Array 
In section 3.5, the motivator handles were described as having semi-spherical domes on 
the side that pressed the internal sides of the leg when rocked. Their compression against the 
wall was designed with piezoelectric force sensors in mind. The A101 FlexForce from Tekscan, 
as seen in Figure 4.8, relays the force of the rocker to the microcontroller which sends a signal 
to the motors to activate.  The sensors require an additional op amp configuration before 
sending conveying the force by a variance in the returned voltage [66]. The sensors in the thigh 
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control the hip motors procession, while the sensors in the calf control the linear actuator.  
 
Figure 4.8: A101 FlexiForce [66] 
 
Three additional larger piezoelectric sensors, A301, are placed on the foot pad of the MARK1, 
with one by the heel and two on the distal of the metatarsals, as seen in Figure 4.9. When the 
user reaches pre-swing stance and is on the balls of their feet, more force will be on the front 
two sensors, thus signally a push-off and activating the ankle motors. With four small and three 
larger piezoelectric devices on each leg, the total count comes to 14 analog inputs from piezo 
electric sources. 
 
Figure 4.9: A301 placement 
 
Rotational and linear encoders are used to double check that the motors have 
accurately activated to the microcontrollers request. These encoders measure the amount of 
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movement rational and prismatic respectively that each motor has achieved, and it is set in a 
feedback loop to make sure the amount of revolutions was met or in the actuator extended far 
enough. This prevents voltage drops or unexpected loads from altering the intended requested 
angular displacement.  
Due to the close proximity to the user and the intended demographic potential for 
egregious injury, safety precautions through smart sensors were utilized. The MARK1 has seven 
inertia moment units (IMUs), which report back information from its on-board accelerometer, 
gyroscope, and magnetometer. The magnetometer can be used to detect soft iron, or the low 
degree of environmental magnetism present, but it also susceptible to hard iron disruptions 
from electromagnetic sources. In more populated or industrial areas or around electronic 
equipment, the amount of hard iron may make readings unreliable so instead of assuming a 
constant homogenous soft iron field, a piece wise iterative sampling is recommended [67]. The 
primary benefit of these readings is an accepted yaw rotation, based on the magnetic field of 
the earth for the accelerometer and gyroscope to determine their roll and pitch from. This is 
because the accelerometer measures acceleration in a Cartesian field and a gyroscope 
measures rotation around the same axes and both need to be calibrated against a known 
direction, which is why the magnetometer provides the angle of rotation from North. Once the 
direction is established, a matrix can be made with the remaining 6 inputs to provide pitch & 
roll thus providing a base understanding of the alignment at each of IMU’s location [68]. 
Alternatively, as gyroscopes have poor accuracy and accelerometers tend to drift, a Kalman 
filter is often used to balance between both and find the optimal information in what’s called 
the fusion method [69].  
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Figure 4.10: Roll and pitch angles [68] 
 
The immediate safety benefit of the seven IMUs, one on each foot and limb and one on 
the back spade, gets seen in tandem with the rotational and linear Encoder. Where the 
encoders describe the motion of the motors, the IMUs describe the motion of the limbs. If an 
unexpected event damages the internal mechanisms of the MARK1, and the hip motor 
activates but the hip IMU sees no change, then the system would output an error to avoid 
further damaging the device or injuring the user.   
The six larger piezoelectric sensors, three on each foot additionally report back 
information that can be used with the IMUs, and that can be used to find the center of 
pressure. And the seventh IMU on the back can be used to estimate the likely center of mass of 
the user, 12”-18” locally above its location. The six points outline a base of support where 
dangerous behavior such as consistently placing weight on one side, can be viewed and the 
user alerted. Combining these together provides the system with the ability to see when the 
CoM of the user is outside the BoS and if the user to accelerating downward; the two markers 
this project required to estimate an unprotected fall.  
A simple model was designed based on this idea utilizing the pitch and roll find method 
described [68] along with an understanding of the geometry of a device, its predicted CoM 
location, and the placement of the sensor, all of which should be known at the time of 
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programming. Be placing a sensor on the top of a simple block, this test would be able to signal 
when a fall occurred. 
 
Figure 4.11: Fall detection model 
 
By finding the roll and pitch angles as described and using them to determine the fall 
pivot point distance to sensor, 𝑑𝑑𝑚𝑚, along with the height difference to CoM, a tipping angle can 
be produced. And combining that angle with the acceleration based on the radius of the center 
of mass around the pivot point, both linear and rotational falls could be found with both 
markers of a fall incident.   
 
Figure 4.12: Mathematical model of fall detection system 
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4.5 Microcontroller and Systems 
The microcontroller for this system needed to be small but robust. Although larger 
models like the RaspberryPi or Arduino MEGA, might have similar specs, they also come with 
larger system that wouldn’t get utilized, but would increase the power draw for the board. 
Instead a smaller microcontroller, the Teensy 4.0, was chosen for its fast processor, large Flash 
memory, large amount analog input pins, and its SPI port. The processor is 600MHz, allowing or 
quick calculations when required and from Teensy’s benchmark tests, actually beats many of 
those larger models [70]. 
 
Figure 4.13: Teensy Benchmark Test [70] 
 
Flash is an important factor in a mobile smart device as it is your memory, from your 
bootloader to the programs and calculations you’ll need the microcontroller to run. And again, 
when compared against Arduino MEGA with 256k, the Teensy 4.0 is the clear choice at 1984K. 
The microcontroller offers the 10 Mb/s SPI data communication which works well because with 
14 piezoelectrical and 7 IMUs, a second Teensy board is required to receive signals and forward 
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the information to the primary for calculations. All of this must be done quickly and the 
traditional I2C would not offer a fast-enough transfer rate to make it viable. The 
microcontroller also functions on a modified version of Arduino called Teensydunio, allowing 
existing libraries to utilized during programming.  
The primary program to run onboard the Teensy will be executing the amplified walking 
signal. When a signal from the piezoelectrical sensors sends information conveying the user 
means to move one the leg portions, the driver controlling the motor will be sent electricity for 
a set time based on the force applied to the sensor. If a small force is applied, a small angle 
change is initiated for the motor controlling the applicable joint. This small angle change vs 
force applied is the controllable amplification of the MARK1. The higher the amplification, the 
more force the MARK1 assists vs the force applied. This creates a tricky scenario which could 
quickly lead to rapid oscillation of the limb, as the motivating rocker that was signaling the 
move, is now behind the intended move location, and thus is signaling to move back. This could 
lead to an unintentional undamped system if not programmed correctly, as seen in Figure 4.10. 
Modeling as a basic harmonic system: 
𝜃𝜃′′ + 2𝜁𝜁𝜔𝜔𝑛𝑛𝜃𝜃′ + 𝜔𝜔𝑛𝑛2𝜃𝜃 = 𝐹𝐹 
A proper feedback loop would need to be designed for the device with this 
consideration in mind, having 𝜔𝜔𝑛𝑛 = �
𝑘𝑘
𝑚𝑚
 be the natural frequency of the system with  𝜁𝜁 =
𝑑𝑑𝑑𝑑𝑚𝑚𝑜𝑜𝑑𝑑𝑛𝑛𝑑𝑑
𝑐𝑐𝑐𝑐𝑑𝑑𝑜𝑜𝑑𝑑𝑐𝑐𝑑𝑑𝑐𝑐 𝑑𝑑𝑑𝑑𝑚𝑚𝑜𝑜𝑑𝑑𝑛𝑛𝑑𝑑
 being the level of assistance and 𝐹𝐹 being the force to provide the assistance. 
Altering the 𝜁𝜁 would alter how much assistance the user would expect and could be altered for 
comfort or rehabilitation purposes. Lastly a delayed opposing reaction, based the range of 
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motion, would have to be programed as well as safety stops and maximum speeds that slow 
near the safety stops. This prevents injury to the user while reflecting the natural gait of the 
user overcoming the directional inertia of their limbs.  
 






Before printing the designs, Finite Element Analysis, FEA, simulations were utilized to 
ensure the requirements of the device were met; primarily that a Factory of Safety, FoS, greater 
than 3 was met with a user of 200lbs in worst case scenario loading. This weight was chosen as 
it represents the average male weight in America [72] and is slightly higher than the average 
male elderly weight [73], both of weight are higher than their female counterparts. The FoS is 
defined by the ratio of the yield strength of a material vs the maximum stress applied, and since 
the stresses are directly affected by the geometry, the efficacy of the mechanical design is what 
is being tested. The reasoning behind choosing a FoS of 3 is that the current OSHA 
requirements for fall prevention equipment is 2, but considering they didn’t have exoskeletons 
in mind, the designs erred on the side of caution [74]. These loading scenarios are considered 
worst case as they have the full weight of the user applied to one side, representing the swing 
portion of the gait patterns.  
Table 5.1: Simulated Materials Tested in SolidWorks 
Material Tested Yield Strength 
Ti6Al4V 8.27370880 ∙ 108 N/m2 
MakerForge Onyx 5.447∙ 107 N/m2 
 
By having a FoS above 3 in these scenarios, the MARK1 shows he can be trusted around 
human participants. By running simulations on SolidWorks for static forces, which uses an FEA 
algorithm applied to the designed components in the predicted loading patterns, and using the 
yield strengths seen in Table 5.1, the stresses could be reviewed. All simulations were ran with 
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No Penetration contact sets between the parts to simulate real world conditions and due to the 
symmetrical nature of the design, only the right side of the MARK1 was tested. 
5.1.1 Gyroscopic Hip Joint 
The vertical loading results for the Gyroscopic Hip Joint show a FoS of 3.5 and only 1.89 
mm displacement of parts, meaning no collisions of parts during loading. To accurately reflect 
the full range of movement for the joint, loading for a fully tilted simulations reversed the 
forces to simulate a push off in either direction. 
 
Figure 5.1: Semi-fine meshing of Hip Joint 
 
Table 5.2: Hip Joint Vertical Simulation Environment 
 Parameter 






Figure 5.2: Stress Plots for Vertical loading of Gyroscopic Hip Joints in Ti6Al4V  
 
 
Figure 5.3: Displacement and FoS plots Vertical loading of Gyroscopic Hip Joints in Ti6Al4V 
 
Table 5.3: Hip Joint Push Off Simulation Environment 
 Parameter 














Figure 5.6: FoS plots for Medial and Lateral push off loading of Gyroscopic Hip Joints in Ti6Al4V 
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5.1.2 Hip Manifold 
Following the previous tests connection to the joinery of the Hip Manifold, with a sliding 
roller connection and a fixture representing a set screw, the results for the Hip Manifold show a 
FoS of 18.37 and only 0.152 mm displacement of parts, meaning no it was over engineered. This 
was due to the concern of having all of the forces of the leg and most of the critical components 
in one location and it needed to be protected in case of a fall. 
 
Figure 5.7: Semi-fine mesh of Hip Manifold 
 
Table 5.4: Hip Manifold Simulation Environment 












Figure 5.8: Stress plots for Hip Manifold in Ti6Al4V 
 
 
Figure 5.9: Displacement plots and FoS plots for Hip Manifold in Ti6Al4V 
 
5.1.3 Leg Extensions and Off Load Knee  
The knee was analyzed in a previous project [59] but it had utilized older models for the 
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leg extensions and using a different material, Nylon-12 CNF, as opposed to the Onyx, which has 
been successfully used in exoskeletons before [58]. The final iteration of the MARK1’s analysis 
for the legs uses split line in the loading and fixture locations, as seen in Table 5.4, to properly 
replicate the insertion point of the ankle joint and connection point with the main hip bearing. 
Even with the modification and newer models, the FoS was still able to stay above 3, but this is 
just vertical loading, without additional forces from the linear actuator. In Table 5.5, the 
additional forces are added in to the distal limbs at a 45° angle to simulate the likely maximum 
load angle, between 0-75°. The original 200 lbf load was still applied vertically while the PA-14 
linear actuator’s 33 lbf was applied at its intended connection location. 
Figure 5.10 shows that the additional forces have little effect but the connection 
location for the linear actuator may see vertical displacement up to 2.4 cm under this loading. 
The FoS for this area, with the additional forces, is higher than the proximal half, with a score of 
7. 
 
Figure 5.10: Semi-fine meshing of Leg Extensions and Off Load Knee 
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Table 5.5: Leg and Knee Simulation Environment 







Preload = 0 
 
Connection 2 & 3 
Preload = 5 lbf 
 
Connection 3 




Figure 5.11: Stress Plots for loading of Leg Extensions in Onyx and Off Load Knee in Ti6Al4V 
 
 




Table 5.6: Additional Leg Parameter for Simulation Environment 








Figure 5.13: Stress, Displacement, and FoS plots loading of Leg Extensions in Onyx with Linear 
Actuator forces applied to behind the knee 
 
5.1.4 Ankle Joint 
The ankle joint underwent more forces than just vertical loading as it needed to resist 
deformation under another condition, the maximum torque of the motor. But loading the 
predicted maximum 121.2 Nm torque shared across the screws did not created a significant 
difference in the FoS, and this is likely due to the high yield strength of the titanium. One force 
left out for the same reason was the axial force, as it would likely produce little change to the 
FoS. Roller fixtures were used to hold the ankle insertion location similar to being installed into 
the base of the lower leg extension. 
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Figure 5.14: Semi-fine mesh of Ankle Joint 
 
Table 5.7: Ankle Joint Simulation Environment 












Parameter Simulated Location 
Connection 
1 




Figure 5.15: Stress plots of Ti6Al4V Ankle Joint under torsion 
 
 
Figure 5.16: Displacement and FoS plots of Ti6Al4V Ankle Joint under torsion 
 
5.1.5 Thigh Axial Load 
Like the others, this simulation was used to show the worst case scenario with the 
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maximum applied load, axial gearhead forces applied via split line, and the primary hip bearing. 
However this design went beyond the expected scope of use for the device. Considering the 
method of motion described in Chapter 4, and the size of the thigh component described in 
Appendix A, the MARK1 will not be in contact with an object unless the users leg is, which 
means it won’t be expected to be subjected to all maximum forces, as seen in this simulation. 
That being said, the stress plots in Figure 5.15 show the locations that further design strategies 
could be implemented, namely that in future versions the titanium cap could have more 
support above the connecting bolts and the weight bearing leg extension holes could be thicker 
for the increased torque forces. Even though this simulation obtained a 1.5 FoS, and failed to 
meet the requirements of safety, it should even when the system was being used improperly, 
there is no expectation of plastic deformation. 
 
Figure 5.17: Semi-fine meshing of thigh portion 
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Table 5.8: Thigh Axial Load Simulation Environment 
























Figure 5.19: Displacement and FoS plots of Onyx Thigh and Ti6Al4V Thigh cap under vertical loading, 
axial loading, and torsion 
 
5.2 Simulations of the User 
Additional validation can go beyond just protection of the user for material failure of the 
device. Using model-based software, such as OpenSim or Anybody [75, 76] the experience of 
the user can be simulated to the point of estimating knee joint contact forces or muscle 
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excitation and activation.  
 
Figure 5.20: Knee Joint torque w/ & w/o exoskeletal support, OpenSim [76] 
 
By comparing the unassisted user versus the user using a MARK1 device, the joint 
contact forces would show that the user’s body would be put under less stress by using the 
device, as seen with a different exoskeleton above. Additionally, muscle excitation could speak 
to the effort to walk different speeds and compare the amount of effort required for the user 
to move with and without the device and with different levels of assistance. In fact, many of the 
following real-world validation efforts could be simulated with model-based software, but 
having the real experience for users can still provide qualitative input. 
5.3 Perturbation of Gait 
Perturbation of the walking pattern of users shows how, and how effectively, a user 
might overcome an unexpected interruption of their normal walking gait [77]. By tripping or 
slipping the participant, usually through a two-track treadmill system, while suspended by 
safety gear from a structure above. 
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Figure 5.21: Safety harness during gait perturbation [77] 
 
 
Figure 5.22: Sagittal hip joint range under exoskeletal assistance (GRAY) [78] 
 
Figure 5.22 shows an example of how the perturbation effects sagittal hip joint range 
during use of a pelvis mounted exoskeleton, with the light gray being data from the trials with 
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the exoskeleton attached [78]. Preforming this validation would allow the MARK1 to show how 
well the exoskeleton functions at any point in the gait cycle. And although the figure below was 
used in a study involving trans-femoral amputees, the perturbation test validated their fall 
protection algorithm based on minimizing the downward momentum of the user’s body.  
 
Figure 5.23: Full lower extremity gait analysis from exoskeletal assistance [78] 
 
5.4 Seat and Stairs 
One of the greater struggles for most of the exoskeleton’s design in the assistance 
during stair climbing. Unlike walking gait cycles which have the user moving freely, stair 
climbing requires the user apply a continual downward force to project their body upward off 
one leg. This means the user is strenuously applying force, while balancing their body on one 
leg, while in a dangerous area to fall.  
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Figure 5.24: Stairs Test [79] 
 
Although not as commonly used in gait analysis as the perturbation method, similar 
riggings can be used in combination with a step mill, the stair equivalent of a treadmill, to 
maintain similar safety standards. This system would work in tandem with the on-board data 
collect from the unit to review foot pressure distribution, as an increase in peak pressures with 
amplified momentum can reduce the chances of falling up to 17% [60]. 
 
Figure 5.25: Foot pressure [60] 
 
5.5 Free Stretch 
The goal of the previous two validation methods was to gather data on gait patterns, 
stride length, stride time, foot pressure, metabolic cost, and recovery time from any 
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perturbations. But with the goal of making a reliable system, certain false positives need to be 
considered. When falls for seniors can see a 55% decrease in risk of falling through Tai Chi 
courses [80], or 57% through foot exercises [81], there is the possibility that simply having the 
device on the user would keep them mindful of their surroundings and their movements. For 
this reason, one of the goals of the MARK1 was to design a device that did not impede the 
user’s natural flexibility. The bio-informed hip design would need to be tested qualitatively, 
with a questionnaire a series of stretches for hip, knee, and ankle motion. The stretches need to 
selected with consideration for the comfort of the user in the device and their range of motion 
while using it. 
5.6 Discussion 
The validation of the device brings forward what could be an ethical consideration, but 
instead reveals the robust rehabilitation quality of the MARK1. Selecting candidates for gait 
perturbation and stair climbing experiments would not be limited to an elderly population, as 
that would reduce our available sample size as well as put undue risk solely on an at-risk 
population. Thus, traditionally ambulatory participants would also be selected and the results 
should function comparably. Even though the origins of this device stem from preventing falls 
in an increasingly large elderly population, the design of the MARK1 can assist in any age group 
and be customized for any size. This device doesn’t even need to be a long-term solution, as fall 
risks can increase when temporary injuries effect the lower extremities of any user. The 
amplification settings don’t just fine tune for chronic users, but would allow a therapeutic use 
of the device, as the assistance could be modulated down over time allowing a user to regain 
their independent walking ability.   
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CHAPTER 6 
CONCLUSION AND FUTURE WORK 
6.1 Conclusion 
The MARK1 was conceived out a mutual concern for family. And as was already stated: 
to see a problem coming and not act makes you implicitly responsible. Our lab turned out to be 
those fortunate enough to have the means to do something and seeing a missing step in the 
process of motorized orthotics ethically required our action. Because if we can, we must. The 
intentions of this project were to provide the proverbial back bone of an effective bio-informed 
exoskeletal design to approximate the needs of the lower extremities of the human body. All 
result from the simulations preformed show the Onyx filament and Titanium 6AL-4V, work 
within the prescribed forces and present an adequate FoS. The spherical hip joint design 
provides movement similar to the rotation of the femoral head that inspired it and the motors 
torque has been magnified to meet the load requirements while maintaining traditional 
ambulatory walking speeds.  
Although the design includes both left and right sides or device, this isn’t a requirement. 
If only one side of the device is needed, all remaining functions should be able to be kept intact 
for the required side. In fact, if a patient with transfemoral amputation or hip disarticulation 
required the device, the design holds the ability to be modified to incorporate with or work 
around a prosthetic leg. Additionally this device could be controlled via EEG signals given the 
software was properly set up to receive the device in the future [82].  
6.2 Hypothetical Electrical 
As the goal of this thesis was the mechanical design of the MARK1, the electrical 
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systems currently remain a hypothetical concept and are open to change. The MARK1 utilizes 
mechanical systems, electrical, biological, and computer science. Designing a holistic device 
without consideration for how each of these components fits together would never have 
functioned and thus the recommendations given were based on fully utilizing the mechanical 
designs of the device.  
Additional electrical work could be to use the two markers of a fall, CoM outside the BoS 
and downward acceleration, to initiate a fall protection program such as removing support 
from one said to attempt to the bring the CoM back inside the base of support. Personal impact 
prevention through air bags could prove successfully in averting injury to participants. 
This project could also continue through projects based on belt design, sensory array, 
feedback controls, fall prevention, fall management, and machine learning 
6.3 Synchronous Rotation 
From my research I haven’t found the any projects developing a spherical based joint, 
with two axes passively controlled and one actively controlled. However multiple parties have 
attempted fully motorized spherical motors [83, 84, 85, 86, 87] with similar gyroscopic designs, 
albeit none of them currently being used for exoskeletons or have research suggesting they can 
handle the compressive load requirements. 
The MARK1’s design also accommodates the additional motion of pelvic hike, as well as 
allowing additional lateral stretching of the hip through a cam slot, to approximate synchronous 
rotation. For the external hip joint to perfectly match the movements of the femoral head, a 
spherical joint is not actually what would be required. Future work on the MARK series of 
exoskeletons will include the development of a synchronous rotation joint, rotating to meet the 
74 
angular displacement of the femoral head while maintaining complete contact with the user, 
similar to the astronomical event of tidal locking. This will reduce frontal profile variance during 
walking and provide a seamless experience for the user from normal hip movement. 
 
Figure 6.1: Honeywell’s spherical motor [85] 
 
6.4 Patient Feedback 
A questionnaire study of 481 people by Jamie Wolff involving both wheelchair users and 
healthcare professionals, inquiring to the perceived versus requested needs of any developed 
exoskeleton device [85]. The primary concerns of the wheelchair users were surprisingly not fall 
protection but were, in order, purchase cost, repair and maintenance cost, and comfort. 
Strangely this meant reducing the risk of falling became the fifth most needed aspect of an 
exoskeleton, from those that build purchase an exoskeleton. In designing the MARK1, costs and 
the ability to repair the device were considered, but without having actual participants use the 
device, the comfort level is left a subjective question. For future work, and Institutional Review 
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